this study was to perform linkage and copy number variation analysis for the family affected by NCMD followed by the selected candidate gene sequencing.
1.

Introduction
North Carolina macular dystrophy (NCMD) is an autosomal dominant dystrophy that was first reported as hereditary macular degeneration and aminoaciduria by Lefler et al. [1] . Extensive genealogical investigations in the first reported NCMD family and other families in the United States established a common ancestry to two Irish brothers who settled in North Carolina in the 1830s [2] , although at the time the macular dystrophy was termed dominant foveal dystrophy [3] or central areolar pigment epithelial dystrophy [4, 5] .
The disease grade 1 is characterized by symmetric, tiny drusen-like yellow deposits that are found in foveal region. It can have a little impact on the vision, but also it may be found without any visual impairment at all [5, 6] . Grade 2 has yellow flecks and intermediately decreased visual acuity. The third grade's clinical characteristics are colobomatous macular chorioretinal trophy that might be accompanied by pigment aggregations. Third grades visual impairment is severe [5] . Also peripheral retinal drusen may be present in all grades [6] . Progression of disease is believed to be possible only during the childhood (should be uncommon after the age of 12 years) [7] . Grading does not correlate with the successive progression of NCMD [5] . It is possible that even with a severe macular lesion relatively good visual acuity is retained [5] . If progression occurs, a subretinal neovascular membrane may develop and lead to fibrosis and noticeable loss of vision. This means that the patient may be largely asymptomatic until this happens [8] .
Up to date there are three types of NCMD described and consequently named as macular dystrophy, retinal: MCDR1, MCDR2 and MCDR3. None of these types have been attributed to any particular gene; there are only linkage data available for the selected loci. Historically MCDR1 was analyzed more intensively and in the large kindred of 2000 individuals. The genetic locus 6q16 has been described and it most probably will contain MCDR1 causative gene [9] . MCDR2 type is caused by a mutation in PROM1 gene on chromosome 4p15 [10] . In 2010 Rosenberg described a family in Scandinavia and performed linkage analysis for the ten members of family [5] . The results overlap with the previously reported 5p13-p15 region for MCDR3 containing more than 55 genes [11] .
The aim of this study was to perform linkage analysis for the family affected by NCMD followed by the selected candidate gene sequencing, and to have a clinical comparison between NCMD persons from the present study and previously reported cases.
Materials and methods
The study complies with the principles of the Declaration of Helsinki and was approved by the Central Medical Ethics Committee in Latvia. All subjects participating in this study were provided with information regarding the objectives of this study and issues regarding their possible participation in the study. All subjects or legal guardians of underage subjects included in this study have submitted a written informed consent form.
Subjects
This study concerns a three-generation, non-consanguineous Latvian family consisting of six family members, who agreed to participate in the study and donate blood samples (see the pedigree chart in Fig. 1 ). Other family members refused participation. One member (NC01, proband 1, born in 1994) of this family was independently referred to the Vision Center of the Children's Clinical University Hospital in Riga for a diagnostic examination. The findings initiated further examination of additional family members. Eight of them were found to have dystrophic changes in the macula congruent with the clinical characteristics of North Carolina macular dystrophy (NCMD). Subjects involved in this study underwent a standard examination, including a review of their visual symptoms, assessment of ocular alignment and motility and visual acuity, assessment of refraction, slit lamp examination, color vision screening, intraocular pressure measurement, color fundus photography. In addition, some of the patients underwent visual field assessment and optical coherence tomography. Venous blood samples were obtained from six family members (NC01-NC06) and DNA was prepared using standard methods. Fig. 1 shows the pedigree chart of this family. An autosomal or X linked dominant inheritance is thought to be most likely due to the presence of the disease in three consecutive generations and equally affected females and males. Individual III9 was not enrolled into the study and refused clinical examination. Fig. 1 also reflects the identification codes assigned to the family members who gave venous blood samples, as well as their gender, clinical condition in relation to NCMD (Fig. filled in black -NCMD affected) and their place within the genealogy.
2.2.
Genome-wide microarray analysis
A genome-wide scan was carried out in the Estonian Genome Center (Tartu University) and 733 202 single nucleotide polymorphisms (SNPs) were analyzed by Illumina HumanOmniExpress BeadChip 12 (Illumina, SanDiego, CA, USA). Sample analysis was performed by manufacturer's instructions. Microarry data were subjected to copy number variation analysis to exclude chromosomal aberrations, followed with non-parametric linkage analysis using the Merlin software [12] and parametric linkage analysis under the model of autosomal or X linked dominant inheritance, which was done manually. The non-parametric linkage analysis by Merlin uses the Kong and Cox linear model [13] . Selected genes from the obtained results of region of interest were sequenced. BeadChip data were processed in Illumina Genome Studio (Illumina). It was used to perform primary data analysis, normalization and genotype calling according to manufacturer's protocols. Log R ratios and B allele frequencies are also provided by Genome Studio Genotyping module for each probe and used in CNV calling by QuantiSNP2 software [14] . The default program settings were used to call CNVs.
2.3.
Candidate gene sequencing analysis LOD scores for the seven loci were equally similar, therefore for further studies, we overlapped our region of interest with the previous publications about linkage analysis of persons with North Carolina phenotype, and selected 5p15 region. Basing on the results of the non-parametric linkage analysis the 5p13-p15 region was selected to carry out manual linkage analysis of polymorphisms within this region. Using information from the National Center for Biotechnology Information (NCBI) database regarding selected region, we identify 39 genes (SEMA5A, CTD-2201E9.1, SNHG18, SNORD123, TAS2R1, FAM173B, CCT5, CMBL, MARCH6, ROPN1L-AS1, ROPN1L, RPL30P7, ANKRD33B, DAP, CTNND2, LINC01194, RPS23P5, RPL29P13, DNAH5, TRIO, FAM105A, CCT6P2, EEF1A1P13, OTULIN, ANKH, RBBP4P1, MIR4637, UQCRBP3, HNRNPKKP5, SEPHS2P1, LOC101929359, LOC101929379, LOC100505806, LOC285692, LOC101929412, LOC645763, LOC100420683, LOC100422687, LOC100130744) localized within this region.
We hypothesized that early clinical presentation of macular dystrophy in our pediatric patients, are reason of impaired embryogenesis of the eye, and therefore we chose two genes (iroquois homeobox 2 (IRX2) and iroquois homeobox 4 (IRX4)) due to their association with eye structure development in embryogenesis [15, 16] . Genes IRX2 and IRX4 localized in close proximity, but outside of co-segregating region in our family, however within the co-segregating region of the study in the larger Danish family with a maximum of the LOD score of 2.69 [5] .
Amplification was carried out in a total volume of 50 mL using the GeneAmp ® PCR System 9700 (Applied Biosystems, Foster City, CA, USA). Annealing temperatures and primer sequences are provided in Supplementary Table 1 . PCR products were sequenced using the fluorescent Big DyeTerminator v. 3.1 Cycle Sequencing standard protocol on a 3130xl Genetic Analyzer (Applied Biosystems).
Phenotype description
Clinical data by carrying out patient examination was obtained from 6 NCMD affected family members, one of whom was not included in the genetic studies (IV-4, son of NC05 [5] . The NCMD families were compared using the following criteria: visual acuity assessment, color vision screening, visual field assessment, disease grading based on fundus photography.
Results
Genetic linkage analysis
All six samples were genotyped using IlluminaOmniExpress BeadChip 12, which contains 730 525 markers. A two-stage CNV review yielded 15 extremely reliable CNV calls with log Bayes factor above 35 deviating from two copy numbers (normal state) and 63 CNV calls with log Bayes factor above 10. There were no recurrent CNVs in an extremely confident group and four pairs of two-individual shared CNVs in the second group with maximum variation size 4356 designated by 8 probes. Two of these pairs were shared by healthy and affected family member. Therefore not one CNV can explain case status in this family. More detailed information regarding the CNV analysis is available in Supplementary Table 2.
Linkage disequilibrium analysis
Genome wide scan linkage analysis helped to identify several chromosomal positions with significant p value, but low LOD score due to the small number of informative meiosis. Identified genetic loci are shown in Table 1 .
Candidate gene sequencing
All the coding exons, promoter regions, exon and intron boundaries were sequenced for the IRX2 and IRX4 genes. A total of 11 unique sequence variations were identified within the IRX2 and IRX4 genes in the DNA samples of the six family members included in the present study. 
Clinical data
Subject NC01 was a 13-year-old male with a visual acuity 0.10 in his right eye (0.63 with correction) and 0.20 in his left eye (0.33 with correction). In both eyes myopic astigmatism was detected. Assessment of the color vision did not show any disturbances. Fundus photography revealed deep central chorioretinal atrophy with pigmentation (see Fig. 2 ). In optic coherent tomography (OCT) central macular chorioretinal atrophy was seen. Also places were choroidal neovascularization could develop were located. Visual field was not tested. Subject NC02 was a 32-year-old female whose visual acuity was identical in both eyes being 0.80. Her color vision was normal. Fundus photography showed existence of nonprogressive central macular drusen (Fig. 2) . In OCT drusens could be seen on Bruch's membrane. Visual field testing was not performed.
Subject NC03 was a 57-year-old female who also had the same visual acuity of 0.67 in both eyes, color vision without unusual findings. Fundus oculi examination revealed bilateral central macular non-progressive drusen (Fig. 2) . OCT detected slightly reduced retinal pigment epithelium (RPE) and drusen on Bruch's membrane. Visual field was not tested (Table 2) .
Subject NC04 was a 7-year-old male with a visual acuity 0.50 in the right eye and 0.29 in the left one. His binocular vision was 0.67. He had normal color vision. Visual field testing revealed bilateral small central scotomata that were more The table summarizes clinical information (results of visual acuity, color vision, visual field and fundus oculi testing) regarding the subjects examined in the present study. Patients who submitted venous blood samples for genetic testing are indicated with an NC code. Ophthalmological examination was carried out also for an additional NCMD affected 4th generation family member (IV-4). OD, oculus dexter; OS, oculus sinister; cc, cum correctione. The disease grade was assigned for each patient basing on the findings of their fundus oculi examination. explicit in his right eye. In fundus photography central deep chorioretinal atrophy with pigmentations and spots, where chorioidal neovascularization could develop, was observed together with peripheral retinal atrophy (Fig. 2) . Optic coherent tomography showed central macular chorioretinal atrophy and retinal layer thickness reduced to 87 mm.
Subject NC05 was a 32-year-old female who had bilateral myopic astigmatism that could be corrected to obtain visual Fig. 2 -Fundus photography and optic coherent tomography of affected probands. 
acuity 0.20. Color vision was without any deviation from normal. Like the previous subjects this one also had bilateral central macular chorioretinal atrophy with pigmentation (Fig. 2) . OCT showed chorioretinal atrophy and a partially reduced retinal layer. Visual field was not tested.
Subject IV-4 was a 5-year-old male with visual acuity 0.50 in his right eye and 0.67 in his left eye. Color vision was normal. There were several things seen in fundus photography (Fig. 2) . Firstly, there was a bilateral macular coloboma, which was more explicit in the left eye. Secondly, a parafoveolar hemorrhage was detected in the right eye and that is important due to the possibility of the development of a chorioidal neovascular membrane. Also there were parafoveolar drusen and peripheral chorioretinal atrophy. OCT was not performed for this subject. There were no data about visual field testing.
Discussion
After ophthalmological examination of several family members included in this study macular lesions were detected that are congruent with North Carolina Macular Dystrophy.
Genome wide scan microarray analysis did not identify copy number variations present in the affected and absent in unaffected family members. Therefore we can conclude, that unbalanced chromosomal aberrations larger than 2 kb are not the cause of NCMD in our family.
The linkage studies of this NCMD affected family did not confidently indicate any single informative region, however one of the highest LOD scores was generated for a region on chromosome 5 (5p15), which coincides with the described informative locus for MCDR3. The MCDR1 region on chromosome 6 showed an even less remarkable LOD score.
Basing on the information included in the NCBI human genome database regarding 39 genes located within this region, two genes (IRX2 and IRX4) were selected for genetic sequencing due to their possible association with eye structure development in embryogenesis [15, 16] . The results of genetic sequencing showed a published SNP (rs6876836) located in the 5 0 untranslated region of the IRX4 gene of the five NCMD affected family members (NC01-NC05), but it was not found in the unaffected family member (NC06), thus, displaying genetic segregation with the NCMD phenotype. However, the minor allele frequency of this SNP is C = 0.3532, therefore, making it unlikely that this SNP is the causative mutation of a disease with such a low prevalence. This would probably hold true even taking into account that it is also most likely under diagnosed, therefore, having a higher prevalence than reported this far. It may be possible that the causative mutation lies in one of the other 25 genes located in the 5p15 region. Visual acuity (VA) was decreased in all 6 NCMD affected subjects included in this study. The study by Michaelides et al. (2003) included 11 NCMD affected subjects; VA was assessed in 9 individuals, 5 of whom were reported to have decreased VA [11] . However, it was not explicitly stated that this was the best-corrected visual acuity. Rosenberg et al. (2010) describe 11 NCMD patients where 6 patients have decreased best-corrected visual acuity, three of which had unilaterally decreased VA [5] . Though, it has to be mentioned that in Rosenberg's study one of the patients (II-1) with decreased VA had amblyopia and II-2 had hemorrhages and cotton wool spots due to undiagnosed arterial hypertension [5] . These factors could contribute to decreased VA regardless of the NCMD caused macular lesions. In all of the families there was fairly high visual acuity variability among individuals of the same age group. All six NCMD affected subjects in this study had normal color vision. Visual field testing was carried out for one of the NCMD affected individuals in this study, showing bilateral small central scotomata.
Minor phenotypical differences between the types of NCMD have been previously described. Normal color vision and non-progression of the macular lesions is more often characteristic of MCDR1, while color vision defects and progression of the disease is more often seen in individuals with MCDR3 [17] . However, the study by Michaelides et al. (2003) reports an NCMD affected family with a mixed phenotype of clinical characteristics (mild color vision abnormalities, one person with disease progression) of both MCDR1 and MCDR3, but their genetic linkage studies have excluded the location of the causative gene on chromosome 6 and have shown significant linkage to a region on chromosome 5 [11] . The family members participating in the present study were found to have normal color vision and no progression of macular lesions, but one of the participants showed a slight decrease in visual acuity. Thus, the clinical features resemble the phenotype of MCDR1. It seems that the MCDR1 and MCDR3 phenotypes are actually more overlapping than previously thought [17] , thus, making it more difficult to clinically distinguish these two types of NCMD.
While our paper was under review, a recent article was published reporting variants for the MCDR1-linked NCMD upstream of the PRDM13 and CCNC genes and MCDR3-linked NCMD to be associated with duplication in IRX1 gene [18] .
Conclusions
The most significant findings reported here are results that unbalanced chromosomal aberrations larger than 2 kb are not the cause of NCMD in our patients. The extensive sequencing of the genes IRX2 and IRX4, did not reveal pathological sequence variations. From the clinical point of view, all six NCMD affected subjects in this study had normal color vision, decreased visual acuity and no progression of macular lesions.
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